Ca)+ protected yeast cells very effectively against the toxic effects of Cd2+; Mg2+ had only a slight protecting effect as far as protection against Cd'+-induced release of K + was concerned. Protection of the yeast cells against Cd'+ toxicity was due to a reduction in Cd'+ uptake in the presence of Ca2+. A single relationship existed between the relative rate of K+ release induced by Cd2+ and the celldar Cd'+ concentration. Within the first few minutes of incubating cells with Cd'+, the molar ratio of K+ released and Cd'+ accumulated was 22 and was independent of the amount of CdCl, added. This ratio decreased during incubation of the cells with Cd'+, depending on the external Cd2+ concentration.
I N T R O D U C T I O N
Yeast growth can be inhibited by Cd'+ (Heldwein et al., 1977; Macara, 1978; Bitton et al., 1984) . Like Ag'+ and Hg'+, Cd'+ exerts this toxic effect at relatively low concentrations (.Grafl & Schwantes, 1983) . Besides inhibition of yeast growth, Cd2+ also induces the release of K + from the cells. This release of K+ is larger than can be accounted for by an electroneutral2: 1 exchange with Cd'+ (Norris & Kelly, 1977; Gadd & Mowll, 1983) . Apparently Cd'+ increases the permeability of the plasmalemma for K+.
The rate of Cd'+ uptake by yeast can be reduced by the addition of Ca2+ to the yeast suspension (Norris & Kelly, 1977) . Cd'+-induced release of K+ from these cells also is diminished. With Mg2+ on the other hand, only a small reduction in Cd2+ uptake occurs (Norris & Kelly, 1977) . This paper examines whether Ca'+ also protects against growth inhibition of yeast caused by Cd'+, and in addition determines more closely the dependence of Cd'+-induced K+ release on the cellular Cd'+ concentration.
M E T H O D S
The diploid strain Delft I1 of Srrc,c,hNroni~.I,ifs wrci~isirrc~ was grown in medium A [I"; (w,iv) KHIPO, , 0.040; ( w l v ) K2HP0,, brought to pH 4.5 with HCI] on an orbital shaker at 125 r.p.m. in 250ml batch cultures at 30 'C. For growth experiments 3-50 ml medium A was inoculated with 0.5 ml from a stationary phase culture. Samples, taken at appropriate times during growth and ranging from 5 to 90 ml in volume, were centrifuged, washed twice with I mi distilled water. resuspended in I ml distilled water and dried to constant weight at 105°C in aluminium trays.
In some c x x s defined Yeast Nitrogen Base ( Y N B ) medium was used for growth experiments m d growth was determined with ;I haemocytotneter (Burke). Viability was determined by the spread plate technique using sterile distilled water as diluent.
For Cd?+ uptake and K + release experiments. stationary phase cells were harvested by centrifugation, washed twice with 125 ml distilled water and resuspended in 45 mM-Tris:succinate buffer at pH 5.0. Cells were preincubated tor 30 inin in the presence of 3'" (wiv) glucose a t 25 'C under anaerobic conditions and C'dC'l? was added at appropriate concentrations. For determination of Cd'+ uptake tracer amounts of "'"C'dCI, (10' c.p.m. ml-' 1 were added together with the non-radioactive CdCI?. The radioactivity in sLimples taken according t o the procedure of (Rvomans ct (11.. 1979) was measured in a liquid scintillation analyser (Philips). K + 0001-2317 c 1985 SGM release during CdCl? incubation wiis determined by flame spectrophotometry according to Kuypers & Roomans ( 1979). Cd'+ activities were measured with ;I cadmium selectrode type F 3003 (Radiometer Kopenhagen).
l""CdCI, [specific activity 158.7 Ci g-I (5873 GBq g-' )] was purchased from Amersham. Yeast Extract, Bacto-Peptone, Yeast Nitrogen Base and Bacto-Agar were purchased I'rom Difco. All other chemicals were reagent g !-ad e ; I nd obtained I'rom com me I-c i ;I 1 sources.
R E S U L T S
Grorr'th inhibition bjx Cd'+ and the protectire effect of' CaZi Medium A, used for growth of the yeast, is rich in phosphate, protein and other cadmiumbinding constituents. Therefore the free Cd'+ concentration in medium A was always much lower than the total CdCIZ concentration administered. Furthermore, heat sterilization of medium A already containing CdC1, resulted in Cd-containing precipitates at all CdCI? concentrations applied. However, when CdCll was administered from a sterile stock solution to sterile medium A, precipitates were only formed when the final CdCI, concentration exceeded 2 mM. For this reason we used the latter method with concentrations of CdC1, not exceeding 1 mM.
In order to estimate the extent of Cd2+ complexation Cd'+ activities were measured in several media with a cadmium selectrode. For all CdCl' concentrations tested, the Cd'+ activity in medium A was about 10: ; of the corresponding values obtained in distilled water. For 45 mM-Tris/succinate buffer about 587; of the Cd'+ activity determined in distilled water was obtained and for Y N B medium about 90"/.
Both 0.1 mM-CdC1, and I mM-CdC1, inhibited growth of the yeast cells in medium A ( Fig.  l a ) . After addition of 0-1 mM-CdC1, growth was retarded severely and after 8 h incubation growth almost stopped. With 1 mM-CdC1, present in the medium, growth stopped immediately, followed by a slight transient recovery 4 h after Cd'+ administration. After 20 h with I mM-CdCI, in the medium the feeble growth changed to a decrease in dry weight yield.
Ca'+ (1 mM) partly protected the cells against Cd2+ toxicity ( Fig. 1 b) . With both 0.1 and 1 mM-CdCI, growth was much less retarded than in the absence of Ca?+. At 0.1 mM-Cd2+ growth inhibition was not immediately maximal while after addition of 1 mM-CdC1, growth ceased almost immediately followed by a partial recovery.
The protective effect of Ca'+ on Cd'+-induced growth inhibition was also studied in the defined Y N B medium. After 6 h growth (1.3 x loh cells ml-I) Cd'+ with or without Ca2+ was added. The cell concentrations 30 h later were 4.0 -t 0.3, 0.37 f 0.03, 0.94 0.07 and 4.4 k 0.3 x 10' cells ml-' for the control, 0.1 rnM-CdCl,, 0.1 mM-CdC1, plus 1 mM-CaC1, and 1 mM-CaC1, respectively. During these 30 h incubation with 0.1 mM-CdCl,, the viability of the cells dropped to about 16', of the viability of the control without CdCl?.
Releuse of cell K+ duririg Cd'+ uptake and the r$fkcts of Ca2+ or Mg'+ Besides the growth inhibition experiments the effect of Cd2+ on K + release from the yeast cells was also examined. For these experiments the cells were suspended in 45 mM-Tris/succinate at pH 5.0. This medium is virtually K+-free. Furthermore, binding of Cd'+ to constituents of the medium was much less than in the growth medium A.
In cells in which metabolism was greatly reduced by the addition of 2-deoxyglucose and antimycin A no detectable Cd'+ uptake occurred ( Fig. 2a) and Cd'+-induced IS+ release was very low (Fig. 2b) . On the other hand, with metabolizing cells and in the absence of added Mg'+ or Ca2+ almost l00:/; of the cellular K + was lost within 2 h of the addition of 1 mM-CdCI,,
whereas Cd'+ accumulated in the cells to a much higher extent than in the non-metabolizing cells. Fig. 2 also shows that addition of 1 mM-CaC1, drastically reduced both Cd' uptake and Cd'+-induced K + release. On the other hand, 1 mM-MgC1, had only a slight effect on Cd2+ uptake and K + release. The K + efflux induced by Cd'+ both in the absence and in the presence of 1 m~-M g C l , increased more than proportionally with time during the first 20 min after the addition of 1 mM-CdCl,. Apparently the K+ efflux rate was not immediately maximal and increased initially (Fig. 3h) . Cd'+ toxicity in yeast 2535
. 
Dependence of Cd2+ uptake and K+ release on Cd2+ concentration in the medium
With increasing Cd2+ concentration in the Tris/succinate medium the rate of Cd2+ uptake by the yeast cells also increased (Fig. 3a) . Concomitantly, K+ release increased with increasing Cd'+ concentration in the medium (Fig. 3b ). The rate of K + efflux increased initially during Cd'+ uptake with CdC1, concentrations in the medium ranging from 5 to l 0 0 p~. A sigmoidal dependence of K+ release on incubation time was seen with 20 and lOOpM-CdCl,. In the absence of Cd'+ and at 1 pM-Cd'+, however, K + was taken up. Norris & Kelly (1977) and Gadd & Mow11 (1983) reported that during Cd2+ uptake by yeast, K + release is much higher than expected for a 2 : 1 stoicheiometry between K + release and Cd2+ uptake. Our results confirm this. A linear relationship existed between K + release and Cd2+ uptake during the first 5 min of incubation with the different CdClz concentrations. The number of moles of K + released within the first 5 min after Cd'+ addition appeared to be about 22 times higher than the equivalent amount of Cd2+ absorbed in the cells during the same period, independently of the external Cd2+ concentration (up to 0.5 mM). However, no single relation existed between the amount of K + released and the cellular Cd2+ concentration during longer periods of incubation of the cells with CdCl,. In fact, the ratio of the amount of K + released to the cellular Cd'+ concentration decreased during incubation of the cells with CdCl,. This decrease became stronger on increasing the external CdCl, concentration.
When the relative K + efflux rate, expressed as rate of K+ efflux [mmol min-' (kg dry wt)-'], divided by the residual cellular K + content [mmol (kg dry wt)-'] is plotted against the cellular Cd2+ content [mmol (kg dry wt)-'], again there is a linear relationship for low internal Cd2+ concentrations. For higher cellular Cd'+ concentrations the increase in the relative K + efflux rate is smaller than the accompanying increase in the cellular Cd2+ content (Fig. 4) .
D I S C U S S I O N
Our results show that Ca'+ decreases not only the Cd'+-induced K + release (Norris & Kelly, 1977) but also the toxic effect of Cd2+ on yeast growth. On the other hand, yeast growth with 9.8 mM-Mg'+ present in the growth medium is still greatly decreased by the addition of 0.1 or 1 mwCdC1, and the Cd'+-induced K + release is much less decreased by 1 mM-Mg'+ than by 1 mM-Ca'+. The greater effectiveness of Ca2+ in protecting the cells against Cd2+ toxicity is probably due to the fact that Ca2+ reduces Cd2+ uptake by the cells much more than Mg'+ does (Norris & Kelly, 1977) . Apparently Cd2+ exerts its toxic effect inside the cell. This view is in accordance with the minimal K + release and Cd2+ uptake seen with non-metabolizing cells, when compared to the relatively high K + release and Cd'+ uptake with metabolizing cells. Therefore our results support the findings of Norris & Kelly (1977) , Gadd & Mow11 (1983 ), Heldwein et al. (1977 and Macara (1 978). Norris & Kelly (1977) have shown that for each Cd'+ ion accumulated in the yeast cells approximately 4 K + ions are released. Apparently about twice as much K + is released than is required for maintenance of the electroneutrality of the yeast cells. We have now found that as many a s 22 K + ions per Cd'+ ion accumulated in the cells are released during the first few minutes after CdCI? addition to the yeast suspension. The discrepancy between values found by us and those of Norris & Kelly (1977) can readily be explained since the ratio of K + released to Cd2+ accumulated strongly depends upon the duration of Cd2+ incubation. As a matter of fact this ratio decreased during incubation of the cells with CdCI, and the decrease became stronger with increasing CdC12 concentrations in the medium. The dependence of the ratio between K + released and Cd2+ accumulated on the time of incubation is a consequence of the fact that the rate of K + release rather than the amount of K+ released is directly related to the cellular Cd2+ concentration. The results shown in Fig. 4 indicate that saturable sites are involved in the interaction of Cd'+ with the yeast cells, since the dependence of the relative rate of K + release on the cellular Cd'+ concentration shows saturation kinetics. The cellular Cd'+ concentration at which half-maximal stimulation of K+ release was found is 4 mM. Since probably a large part of the Cd2+ is bound to yeast cell constituents, the concentration of free Cd2+ at which halfmaximal stimulation occurs will be lower.
As to the mechanism of Cd'+ toxicity in yeast cells, we can only guess at this stage. The enhancement of K + efflux is a typical phenomenon upon addition of various kinds of toxic agents. K + release occurs with heavy metals like mercury and copper (Passow & Rothstein, 1960; Shieh & Barber, 1973; Kuyper & Roomans, 1979) and various organic cations (Pefia & Ramirez, 1975; Dufour et ( I / , , 1980; Borst-Pauwels et a/., 1983; Eilam, 1983) . As far as they have been investigated, these agents appear to be inhibitors of the yeast plasma membrane ATPase. This is also true for Cd2+ (data not shown). Whether the induction of K + release from the yeast is a direct effect of an impairment of the membrane ATPase or only an indirect effect is now the subject of further examination.
